The replisome is important for DNA replication checkpoint activation, but how specific components of the replisome coordinate with ATR to activate Chk1 in human cells remains largely unknown. Here, we demonstrate that And-1, a replisome component, acts together with ATR to activate Chk1. And-1 is phosphorylated at T826 by ATR following replication stress, and this phosphorylation is required for And-1 to accumulate at the damage sites, where And-1 promotes the interaction between Claspin and Chk1, thereby stimulating efficient Chk1 activation by ATR. Significantly, And-1 binds directly to ssDNA and facilitates the association of Claspin with ssDNA. Furthermore, And-1 associates with replication forks and is required for the recovery of stalled forks. These studies establish a novel ATR-And-1 axis as an important regulator for efficient Chk1 activation and reveal a novel mechanism of how the replisome regulates the replication checkpoint and genomic stability.
Introduction
To maintain genomic stability, cells have evolved multiple DNA damage checkpoint pathways to coordinate cellular responses to DNA damage (Ciccia & Elledge, 2010) . Among these signaling pathways, the DNA replication checkpoint is activated in response to a wide spectrum of DNA damage and DNA replication stress (Cimprich & Cortez, 2008) . Central to the replication checkpoint are two protein kinases termed ATR and Chk1, which regulate multiple physiological processes, including inhibition of DNA synthesis, DNA repair, cell cycle delay, apoptosis, and transcription. Each of these processes is essential for the maintenance of genomic stability.
DNA lesions induced by replication stress lead to replication fork stalling, which in turn activates ATR and Chk1. Activation of this pathway requires both single-stranded DNA (ssDNA) and primer-template junctions that are likely found at the stalled replication forks (MacDougall et al, 2007) . Single-stranded DNA is generated when DNA helicase and DNA polymerase activities become uncoupled from one another due to either physical obstructions or nucleotide deficiencies that block DNA polymerase progression (Byun et al, 2005) . The replication and checkpoint protein TopBP1 cooperates with the BACH1/FANCJ helicase to promote loading of replication protein A (RPA) onto the exposed ssDNA at the stalled replication forks (Gong et al, 2010) . ATR kinase is then recruited to the stalled replication forks through a specific interaction between RPA and the ATR-interacting protein ATRIP . Primer-template junctions at stalled replication forks serve as a substrate for the Rad17/RFC-dependent loading of the Rad9/Hus1/Rad1 protein complex. TopBP1 promotes the kinase activity of ATR at the stalled replication forks by interacting with Rad9 (Kumagai et al, 2006; Delacroix et al, 2007) . Once activated, ATR phosphorylates Chk1 in a process involving multiple replisome proteins, including Claspin, Timeless, and Tipin. These replisome proteins act coordinately to bring Chk1 to stalled forks so that Chk1 can be activated by ATR (Kumagai & Dunphy, 2000; Chini & Chen, 2003; Chou & Elledge, 2006; UnsalKacmaz et al, 2007; Yoshizawa-Sugata & Masai, 2007; Burrows & Elledge, 2008) . Although Timeless, Tipin, and Claspin are critical for Chk1 activation, the mechanism by which these replisome proteins coordinate with ATR to activate Chk1 in mammalian cells remains largely unknown.
Timeless and Tipin form a stable heterodimeric complex that binds to replication forks and is required for efficient DNA replication in unperturbed cells (Gotter et al, 2007; Yoshizawa-Sugata & Masai, 2007; Errico et al, 2009; Numata et al, 2010) . Like TimelessTipin, Claspin is also important for efficient DNA replication in unperturbed cells (Lee et al, 2003; Sar et al, 2004; Petermann et al, 2008) . Recent studies indicate that Tipin interacts with RPA and that this interaction stabilizes the association of Timeless-Tipin and Claspin with RPA-coated ssDNA to promote Claspin-mediated phosphorylation of Chk1 by ATR (Kemp et al, 2010) . Interestingly, Claspin also physically interacts with Chk1 (Kumagai & Dunphy, 2000; Uno & Masai, 2011) . Since Claspin interacts with both ATR and Chk1 (Kumagai & Dunphy, 2000; Chini & Chen, 2003) , it is most likely that Claspin functions as an adaptor to bring Chk1 to ATR for Chk1 phosphorylation (Kumagai et al, 2004) . Lastly, as important components of the replisome, both Timeless-Tipin and Claspin are essential to maintain fork stability in both unperturbed cells and cells undergoing replication stress (Errico et al, 2007; Scorah & McGowan, 2009; Leman et al, 2010) .
Previous studies by others and us showed that the acidic nucleoplasmic DNA-binding protein 1 (And-1) is a replisome component and is required for efficient DNA replication in unperturbed cells (Zhu et al, 2007; Errico et al, 2009; Gambus et al, 2009; Im et al, 2009; Yoshizawa-Sugata & Masai, 2009; Bermudez et al, 2010; Li et al, 2012b) . Ctf4/Mcl1, the ortholog of And-1 in yeast, is required for chromosome transmission fidelity, sister chromatin cohesion, DNA damage repair, maintenance of genome integrity, and the regulation of telomere replication (Kouprina et al, 1992; Hanna et al, 2001; Williams & McIntosh, 2002; Mayer et al, 2004; Tsutsui et al, 2005) . Recent studies indicate that And-1 interacts with Tipin in Xenopus egg extracts and with Claspin in human cells (Errico et al, 2009; Li et al, 2012b) , suggesting that And-1 may regulate DNA replication checkpoint activation in response to replication stress. This hypothesis is consistent with the effects of siRNA suppression of And-1 in human cells (Yoshizawa-Sugata & Masai, 2009) , even though attempts to elucidate the mechanism by which And-1 affects the DNA damage response yielded inconclusive results (YoshizawaSugata & Masai, 2009) .
Here, we have identified, for the first time, a novel ATR-And-1 functional link that is essential for Chk1 activation in response to DNA replication stress in human cells. We found that And-1 is recruited to DNA damage sites in response to DNA replication stress. In particular, downregulation of And-1 impairs the interaction of Claspin with Chk1, and considerably reduces Chk1 phosphorylation after DNA damage. We also found that And-1 is phosphorylated at T826 by ATR and that this phosphorylation is required for its interaction with Claspin and for efficient Chk1 activation. Significantly, in vitro analyses indicated that And-1 directly binds to ssDNA and that And-1 phosphorylation at T826 enhances its affinity to ssDNA and the association of Claspin with ssDNA. Lastly, we found that And-1 is critical for the recovery of stalled replication forks. These results collectively demonstrate an important role of And-1 in the maintenance of genomic stability after replication stress.
Results

And-1 associates with proteins involved in the DNA replication checkpoint
We previously demonstrated that And-1 is an important component of the replisome for DNA replication in S-phase (Zhu et al, 2007) . Given that replisome components often play critical roles in DNA replication checkpoint regulation following replication stress (Ciccia & Elledge, 2010) , we hypothesized that And-1 plays a role in the regulation of the replication checkpoint by interacting with other replication checkpoint proteins. To test this possibility, we conducted mass spectrometry analyses to identify specific And-1-associated proteins that are known to regulate DNA replication checkpoint. To rule out the possibility that the protein-protein interactions are mediated by non-specific associations with chromatin, we included ethidium bromide and DNase I in the cell lysis buffer to disrupt protein-DNA interactions. We performed affinity purification using anti-FLAG beads incubated with cell extracts from HCT116 cells stably expressing FLAG-And-1 or FLAG. The purified FLAG-associated proteins were then resolved by gel electrophoresis followed by silver staining, which showed multiple proteins unique to the FLAG-And-1 immunoprecipitations (IPs) (Fig 1A) . Mass spectrometry analyses of these unique proteins and subsequent database searching enabled us to identify the replisome proteins, Claspin, Timeless, and Tipin, in the FLAG-And-1 but not in FLAG-IPs (Fig 1B) . We next conducted co-immunoprecipitation (co-IP) assays to further confirm these interactions in HCT116 cell lines. We identified all these three proteins as well as the ssDNA-binding proteins, RPA70 and RPA32, which are also known to be critical for activation of the replication checkpoint ( Fig 1C and Supplementary Fig S1) . Thus, And-1 forms complexes with multiple replication checkpoint proteins in a manner independent of chromatin structure.
And-1 contains WD40 repeats at its N-terminus, a SepB domain in the middle of the proteins, and a HMG domain at its C-terminus (Fig 1D) . We next tested whether a particular domain of And-1 mediates the interactions of And-1 with these replication checkpoint proteins. To this end, we performed co-IPs using cell extracts from 293T cells expressing full-length And-1 or its truncated mutants from transfected plasmids (Fig 1D) . The results showed that the interactions of And-1 with Timeless, Tipin, RPA70, and RPA32 were detected in IPs from full-length And-1, And-1(330-984), and And-1(330-1129), suggesting that the SepB domain is important for these associations. Surprisingly, Claspin was detected in IPs from And-1(330-1129) but not from or And-1(984-1129) , indicating that both the SepB and HMG domains of And-1 are required for its interaction with Claspin.
And-1 is recruited to DNA damage sites in response to replication stress If And-1 is involved in the DNA damage response in cells with replication stress, it is likely that And-1 is recruited to damage sites. To test this possibility, we exposed HCT116 cells to UV irradiation through polycarbonate isopore membrane filters to induce focal DNA damage in the nucleus. After pre-extraction of the cells with Triton X-100, And-1 was found to co-localize with c-H2AX, RPA70, RPA32, and ATR (Fig 2A and B) . Thus, And-1 is recruited to DNA damage sites following replication stress caused by UV.
To determine which domains of And-1 are specifically responsible for And-1 association with DNA damage sites, we generated HCT116 cell lines stably expressing FLAG-tagged full-length And-1 or a series of truncated And-1 mutants. The full-length And-1 co-localized with c-H2AX at the damaged sites, whereas the localization of And-1 mutants And-1(1-336), And-1(330-984), And-1(984-1129), and And-1(330-1129) at DNA damage sites A Purification of And-1-associated proteins. Cell extracts from HCT116 cells stably expressing FLAG-And-1 protein or FLAG alone were subjected to immunoprecipitation using anti-FLAG beads. FLAG immunoprecipitates (IPs) were resolved by SDS-PAGE followed by silver staining. Replication checkpoint proteins that are specifically presented more in FLAG-And-1 complexes than in control FLAG complexes were indicated. B Identification of And-1-associated proteins that are involved in DNA replication checkpoint by mass spectrometry. C And-1 interacts with multiple replication checkpoint proteins. Co-immunoprecipitation (co-IP) assays were performed using HCT116 cell lines expressing FLAG-And-1 or FLAG alone. FLAG-IPs were resolved by SDS-PAGE and immunoblotted for the indicated proteins. D The associations of And-1 or its mutants with replication checkpoint proteins. Upper panel, schematic of the And-1 protein domains and deletion mutants used for protein-protein interactions; lower panel, FLAG-And-1 and its mutants were expressed in 293T cells. FLAG-IPs were resolved by SDS-PAGE and immunoblotted for the indicated proteins.
Source data are available online for this figure.
The The EMBO Journal And-1 regulates Chk1 activation Jing Hao et al was significantly reduced (Fig 2C and D) . Thus, the integrity of And-1 protein structure is critical for stable localization of And-1 at DNA damage sites. A And-1 co-localizes with c-H2AX, RPA70, RPA32, and ATR at localized damage areas induced by UV light. HCT116 cells were covered with a 5-lm polycarbonate isopore membrane filter and subjected to 100 J/m 2 UV irradiation. Two hours after irradiation, harvested cells were immunostained for the indicated proteins. Scale bar, 5 lm. B Cells described in (A) were quantified in at least 50 cells in three separate experiments. The data were presented as percentage of And-1-positive cells co-localized with c-H2AX, RPA70, RPA32, and ATR (mean AE SD). C Localization of wild-type And-1 and its mutants at damage sites. HCT116 cells stably expressing FLAG-And-1 or indicated FLAG-tagged mutants were treated as in (A).
Scale bar, 5 lm. D Cells described in (C) were quantified in at least 50 cells in three separate experiments. The data were presented as percentage of And-1-positive cells co-localized with c-H2AX (mean AE SD). Fig S2A) .
And-1 facilitates phosphorylation of Chk1 proteins
The fact that And-1 forms complexes with multiple replication checkpoint proteins and is recruited to DNA damage sites leads us to postulate that And-1 affects Chk1 phosphorylation. To test this hypothesis, HCT116 cells were transfected with three independent siRNAs to deplete And-1 and then treated with HU. Depletion of And-1 by each And-1 siRNA significantly reduced Chk1 phosphorylation at S317 and S345 in cells following HU treatment without affecting the overall protein levels of Chk1 (Fig 3A) . Depletion of And-1 also reduced Chk1 phosphorylation in cells exposed to UV (Fig 3B) . In order to rule out the possibility that the observed effect of And-1 siRNAs on Chk1 is an off-target effect of the siRNAs, we expressed an A-1 siRNA-resistant And-1 cDNA in U2OS cells and found that ectopic expression of And-1 restored Chk1 phosphorylation in the cells after HU treatment even in the presence of the A-1 siRNA ( Fig 3C) . Taken together, our data reveal that And-1 is required for efficient phosphorylation of Chk1 in response to either HU-or UV-induced DNA damage.
To further investigate the dynamics of Chk1 activation in And-1-depleted cells, we conducted detailed time-course experiments using cells treated with either HU or UV. And-1 depletion greatly reduced Chk1 phosphorylation as early as 15 min after either HU or UV treatment compared to control siRNA-treated cells ( Supplementary  Fig S3E) . Although Chk1 phosphorylation levels increased over time following either HU or UV treatments, the strength of the signal was severely compromised in And-1-depleted cells compared to cells treated with control siRNA (Supplementary Fig S3E) .
In previous studies, we observed that the fraction of BrdUpositive S-phase cells was reduced 72 h after And-1 siRNA transfection (Zhu et al, 2007) . These data suggested that the observed reduction of phosphorylated Chk1 by And-1 depletion might be due to a decreased S-phase cell population. We therefore analyzed the cell A And-1 depletion reduces Chk1 phosphorylation in cells treated with HU. HCT116 cells transfected with three independent siRNAs for 2 days were harvested after 10-mM HU treatment for 2 h. Harvested cells were lysed and immunoblotted for the indicated proteins. B And-1 depletion reduces Chk1 phosphorylation in cells treated with UV (100 J). HCT116 cells transfected with siRNA as in (A) were harvested after UV treatment.
Harvested cells were treated as in (A). C Expression of siRNA-resistant And-1 restores Chk1 phosphorylation. U2OS cells expressing empty vector or siRNA-resistant And-1 were transfected with indicated siRNAs, followed by HU treatment as in (A). D Depletion of ATR but not GCN5 or polymerase-a reduces Chk1 phosphorylation. HCT116 cells transfected with the indicated siRNAs were treated as in (A).
Source data are available online for this figure. The EMBO Journal And-1 regulates Chk1 activation Jing Hao et al cycle progression using the EdU-click reaction method in cells depleted of And-1 for different lengths of time. At 48 h after And-1 siRNA treatment, we observed neither cell cycle progression defects nor DNA damage ( Supplementary Fig S3A-D) . Thus, reduced Chk1 phosphorylation in the And-1-depleted cells in response to DNA replication stress was not due to a reduction of the S-phase cell population.
Because we recently showed that And-1 is required to maintain the stability of DNA polymerase-a and GCN5 (Zhu et al, 2007; Li et al, 2012a) , the reduced phosphorylation of Chk1 by And-1 depletion might have resulted from the degradation of either DNA polymerase-a or GCN5. To investigate this possibility, we depleted DNA polymerase-a, GCN5, or ATR with siRNAs and then challenged the cells with HU. In agreement with previous studies (Cortez et al, 2001) , depletion of ATR impaired Chk1 phosphorylation ( Fig 3D) . However, neither depletion of GCN5 nor depletion of DNA polymerase-a had any effect on Chk1 phosphorylation ( Fig 3D) . Therefore, the observed effect of And-1 depletion on Chk1 phosphorylation involves neither DNA polymerase-a nor GCN5.
And-1 facilitates the interaction between Claspin and Chk1 in response to DNA replication stress Given that And-1 is recruited to DNA damage sites, we speculated that the interactions of And-1 with other components of the replication checkpoint machinery might be enhanced in response to DNA damage. To test this possibility, 293T cells transfected with FLAGtagged And-1 plasmid were treated with or without HU. Cell extracts were then used for co-IPs and Western blotting analyses. The results showed that the interactions of And-1 with Claspin, Timeless, Tipin, RPA70, and RPA32 were significantly enhanced after HU treatments (Fig 4A) .
Claspin interacts with Chk1, and this interaction is critical for Chk1 activation in response to replication stress (Chini & Chen, 2003 . Since And-1 interacts with Claspin and is required for Chk1 activation, we next investigated whether And-1 could regulate the interaction between Claspin and Chk1. We used siRNA to deplete And-1 in cells expressing FLAG-tagged Chk1 and then treated the cells with HU. Subsequent Western blotting analyses of FLAG immunoprecipitates from cell extracts revealed that, consistent with a previous report (Chini & Chen, 2003) , FLAG-Chk1 interacted with Claspin and this interaction was enhanced after HU treatment (Fig 4B) . However, the interaction between Claspin and Chk1 was dramatically reduced in And-1-depleted cells after HU treatment (Fig 4B) . Therefore, And-1 appears to facilitate a stronger interaction between Claspin and Chk1 in cells undergoing replication stress.
And-1 is phosphorylated by ATR in response to DNA replication stress Through analysis of the amino acid sequence of And-1 using the protein phosphorylation prediction program GPS2.1, we identified six putative ATR/ATM phosphorylation sites (Fig 5D) . To determine whether And-1 is phosphorylated after replication stress, we treated U2OS cells stably expressing FLAG-And-1 with HU. Cell extracts were immunoprecipitated with anti-FLAG beads and then immuno- A The interactions of And-1 with Claspin, Timeless, Tipin, RPA70, and RPA32 are increased after HU treatment. 293T cells transfected with FLAG vector or FLAG-And-1 plasmids were treated with 1 mM HU overnight. FLAG-And-1 and FLAG-IPs were resolved by SDS-PAGE and immunoblotted for the indicated proteins. B And-1 is required for the interaction between Claspin and Chk1 in cells with replication stress. U2OS cells transiently expressing FLAG-Chk1 were transfected with siAnd-1 for 2 days and harvested after HU (10 mM) treatment for 2 h. Harvested cells were lysed and immunoprecipitated with anti-FLAG agarose beads. FLAG-IPs were resolved by SDS-PAGE and immunoblotted for the indicated proteins.
Source data are available online for this figure. Jing Hao et al And-1 regulates Chk1 activation The EMBO Journal treatment; however, it detected a strong k phosphatase-sensitive FLAG-And-1 protein band in the FLAG-And-1 IP samples from cells treated with HU, indicating that And-1 is phosphorylated by ATR or ATM (Fig 5A) . To determine whether ATR is the kinase responsible for And-1 phosphorylation following HU treatment, the phosphorylation status of And-1 was examined in cells treated with ATR siRNA or caffeine, an inhibitor of ATR (Sarkaria et al, 1999) . Downregulation of ATR by siRNA or inhibition of ATR with caffeine significantly reduced the phosphorylation of And-1 in cells treated with HU (Fig 5B and C) , indicating that ATR is the primary kinase that phosphorylates And-1 following HU treatment. To identify the exact phosphorylation site(s) in And-1 by ATR, we mutated the serine or threonine residues to alanine in each of the six putative phosphorylation sites by site-directed mutagenesis. We then expressed wild-type And-1 or the And-1 mutants in 293T cells and treated the cells with HU. The results revealed that only the T826A mutant was no longer phosphorylated after HU treatment, indicating that ATR phosphorylates And-1 specifically at T826 in response to replication stress (Fig 5D) .
Efficient activation of the DNA replication checkpoint requires phosphorylation of And-1 at T826
To determine the biological significance of And-1 phosphorylation at T826 during the DNA damage response, we first determined whether T826 was required for And-1 to associate with DNA damage sites. We constructed HCT116 cell lines stably expressing FLAG-And-1 or FLAG-And-1(T826A). These cells were exposed to UV irradiation and then subjected to Triton X-100 extraction followed by immunostaining to detect FLAG-And-1 or FLAG-And-1 (T826A). The results showed that the localization of And-1(T826A) but not wild-type And-1 to UV-induced damage sites was impaired, indicating that phosphorylation at T826 is important for And-1 localization to DNA damage sites (Fig 5E and F) .
To explore the functional role of And-1 phosphorylation at T826 in replication checkpoint signaling, we investigated whether phosphorylation at T826 regulates the associations of And-1 with other replication checkpoint proteins. Consistent with the results in Fig 4A , HU treatment significantly increased the interactions of wild-type And-1 with Claspin, Timeless, Tipin, and RPA. Strikingly, although And-1(T826A) retained the full capability to interact with Timeless, Tipin, and RPA in cells after HU treatment, its ability to interact with Claspin was greatly weakened (Fig 5G) . Thus, phosphorylation of And-1 at T826 is required for And-1 to form a stable interaction with Claspin in response to replication stress.
The above observations prompted us to test the effect of And-1 phosphorylation at T826 on the activation of Chk1. To this end, we generated 293T cell lines expressing either siRNA-resistant wild-type And-1 or siRNA-resistant mutant And-1(T826A) proteins. These cells were treated with And-1 siRNA to suppress the expression of the endogenous And-1 before the cells were challenged with HU. Cells expressing the siRNA-resistant wild-type And-1 had higher levels of phosphorylated Chk1 compared to the And-1-depleted control cells, whereas cells expressing the siRNA-resistant And-1 (T826A) mutant did not show an increase in Chk1 phosphorylation after HU treatment (Fig 5H) . We next tested whether And-1 phosphorylation is required for the Claspin-Chk1 interaction. We found that expression of And-1 WT but not mutant And-1(T826A) in U2OS cells transfected with And-1 siRNA restored Claspin-Chk1 interaction ( Supplementary Fig S4A) . Taken together, these results collectively indicate that phosphorylation of And-1 at T826 is important not only for Claspin-And-1 interaction but also for efficient Chk1 activation.
And-1 binds to ssDNA and promotes the association of Claspin with ssDNA Since And-1 contains an HMG DNA-binding domain and ssDNA is generated at stalled replication forks (Lopes et al, 2001; Sogo et al, 2002) , we used an in vitro ssDNA binding assay to determine whether And-1 could bind to ssDNA. We purified recombinant human And-1 proteins from Sf9 insect cells as previously described (Zhu et al, 2007) . The purified And-1 protein was incubated with biotinylated ssDNA immobilized on streptavidin-conjugated magnetic beads. After extensive washing (Unsal-Kacmaz & Sancar, 2004), the ssDNA-bound proteins were analyzed by immunoblot. A And-1 is phosphorylated after HU treatment. U2OS cells stably expressing FLAG-And-1 were harvested after treatment with 10 mM HU for 2 h. Harvested cells were processed for chromatin fractionation assays. Soluble and chromatin fractions were immunoprecipitated with anti-FLAG beads. After washing, immunobeads were treated with or without k phosphatase. FLAG-IPs were resolved by SDS-PAGE and immunoblotted for the indicated proteins. A phosphor-(Ser/Thr) ATM/ATR substrate antibody was used to detect phosphorylation of And-1. B And-1 phosphorylation is reduced after caffeine treatment. HCT116 cells stably expressing FLAG-And-1 were pre-treated with buffer or 5 mM caffeine for 2 h before exposed to 10 mM HU for another 2 h. FLAG-IPs from whole-cell extracts were resolved by SDS-PAGE and immunoblotted for the indicated proteins. C And-1 phosphorylation is reduced in cells with downregulated ATR. HCT116 cells stably expressing FLAG-And-1 were transfected with siGL2 or siATR and treated with 10 mM HU for 2 h before harvest. FLAG-IPs were resolved by SDS-PAGE and immunoblotted for the indicated proteins. D And-1 is phosphorylated at T826 in response to HU treatment. Upper panel, schematic of the And-1 protein domains with putative ATM/ATR phosphorylation sites predicted by GSP2.1; lower panel, 293T cells expressing FLAG-And-1 with indicated single point mutation were treated with HU, harvested, and treated as in (C). E Phosphorylation of And-1 at T826 is required for its localization onto damage sites. HCT116 cells stably expressing FLAG-And-1 or mutant FLAG-And-1(T826A) were irradiated with UV as in Fig 2B. Scale bar, 5 lm. F Cells described in (E) were quantified in at least 50 cells in three separate experiments. The data were presented as percentage of FLAG-positive cells co-localized with c-H2AX (mean AE SD). G T826 of And-1 is required for the elevated interaction between And-1 and Claspin in response to HU treatment. 293T cells expressing FLAG-And-1 or FLAG-And-1 (T826A) from plasmids were treated with HU as in Fig 4A before harvest. FLAG-IPs were resolved by SDS-PAGE and immunoblotted for the indicated proteins. H T826 of And-1 is required for efficient Chk1 phosphorylation in response to HU treatment. 293T cells stably expressing siRNA-resistant wild-type And-1 or mutant And-1(T826A) were transfected with siAnd-1. Cells were harvested after HU treatment (10 mM) for 2 h and immunoblotted for the indicated proteins.
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To rule out non-specific protein binding, BSA was used as a control in incubations with the ssDNA beads. As expected, BSA did not bind to ssDNA (Fig 6A) . Strikingly, And-1 bound to ssDNA in a concentration-dependent manner (Fig 6A) . We next determined whether showed that more recombinant And-1 protein was pulled down with the ssDNA than with the same molar amount of dsDNA ( Fig 6B) . Thus, we conclude that And-1 binds preferentially to ssDNA. Claspin alone displays little affinity for ssDNA and a Tipin-RPA interaction was shown to stabilize the association of Claspin with ssDNA, thereby promoting Claspin-mediated Chk1 activation (Sar et al, 2004; Kemp et al, 2010; Uno & Masai, 2011) . Given that And-1 directly binds to ssDNA (Fig 6A) and that And-1 interacts with Timeless-Tipin and Claspin (Fig 1 and Supplementary Fig S1) , we determined whether And-1 facilitates the association of Claspin with ssDNA. To address this issue, purified recombinant Claspin proteins were incubated with either ssDNA or And-1-bound ssDNA. The ssDNA-bound proteins were then analyzed by SDS-PAGE. In agreement with previous reports (Sar et al, 2004; Kemp et al, 2010; Uno & Masai, 2011) , Claspin itself had little affinity for ssDNA (Fig 6C) . However, the presence of And-1 significantly increased the association of Claspin with ssDNA ( Fig 6C) .
Given that the increased interaction between And-1 and Claspin following HU treatment is dependent on And-1 phosphorylation at T826 (Fig 5F) , we hypothesized that And-1 phosphorylation at T826 could play a positive role in the association of Claspin with ssDNA. To test this hypothesis, we purified wild-type And-1 or And-1 (T826A) mutant recombinant proteins from 293T cells treated with or without HU. And-1 proteins were first incubated with ssDNA, and then, the And-1-bound ssDNA was incubated with purified FLAG-Claspin protein. ssDNA-associated proteins were examined by gel electrophoresis as described above. Wild-type And-1 and And-1 (T826A) proteins purified from cells without HU treatment were unphosphorylated and displayed similar affinity to ssDNA ( Fig 6D) ; however, wild-type And-1 proteins purified from 293T cells treated with HU were phosphorylated and exhibited a stronger association with ssDNA than the And-1(T826A) mutant, indicating that And-1 phosphorylation at T826 enhances its affinity to ssDNA. Strikingly, the presence of phosphorylated wild-type And-1, but not And-1 (T826A) mutant, significantly increased the association of Claspin with ssDNA (Fig 6D) . Taken together, we conclude that And-1 is an ssDNA-binding protein that can promote the association of Claspin with ssDNA in a manner dependent on And-1 phosphorylation at T826. Accordingly, we also found that And-1 co-localized with ssDNA accumulated BrdU foci in vivo (Fig 6E) .
We next applied the iPOND assay to examine the association of And-1 with DNA replication forks in vivo (Kliszczak et al, 2011; Sirbu et al, 2011 Sirbu et al, , 2012 . We found that endogenous And-1 is associated with replication forks (Fig 6F) . To test whether And-1 is a bona fide replication fork protein, we chased the cells with regular growth medium for 2 h after EdU label to create an EdU-labeled chromatin control. We detected more And-1 proteins on active replication forks than on the newly synthesized chromatin (Fig 6G) , suggesting that And-1 is indeed a replication fork-associated protein. To examine whether And-1 phosphorylation at T826 regulates its association with replication forks, we performed iPOND assays in 293T cells expressing either the wild-type And-1 or mutant And-1(T826A). EdU-labeled cells were treated with 10 mM HU for 2 h before analysis by iPOND. We found that HU treatment increased the amount of wild-type And-1 but not mutant And-1(T826A) associated with replication forks (Fig 6H) . These data strongly suggest that And-1 is indeed a replisome protein that accumulates at stalled replication forks after replication stress in a manner dependent on its phosphorylation at T826.
And-1 stabilizes DNA replication forks during DNA replication stress
Claspin has been shown to regulate replication fork stability (Scorah & McGowan, 2009) . Given that And-1 regulates Claspin, we next asked whether And-1 could also be involved in the stabilization of stalled replication forks in response to replication stress. To test this possibility, we analyzed the ability of replication forks to recover after HU treatment using the DNA combing technique as we described previously (Fig 7A) (Li et al, 2012b) . Specifically, we measured the efficiency of fork recovery from a short-term (2 h) HU treatment between IdU and CldU pulse labeling of DNA in siGl2-or siAnd-1-treated HCT116 cells (Fig 7B) . DNA fibers were then stretched and immunostained to detect IdU (red) and CldU (green). This assay allowed us to monitor replication fork recovery throughout the genome. If a stalled fork fails to recover after HU treatment, it should contain only red IdU-labeled track; if a stalled fork A And-1 binds to ssDNA in a dose-dependent manner. Immobilized 80-mer ssDNA was incubated in reactions with buffer, BSA (200 or 400 ng), or recombinant And-1 (200 or 400 ng) for 30 min at room temperature. The beads were washed, and bound proteins were resolved by SDS-PAGE and immunoblotted for the indicated proteins. B And-1 binds preferably to ssDNA rather than dsDNA. ssDNA was annealed with buffer or its complementary oligonucleotide before immobilized onto magnetic beads.
Immobilized ssDNA or dsDNA was incubated with recombinant And-1. The beads were washed and treated as in (A). C And-1 promotes the association of Claspin with ssDNA. Immobilized 80-mer ssDNA was incubated in reactions with BSA or And-1 for 30 min at room temperature followed by incubation with recombinant Claspin at 4°C for 2 h. Beads were washed and treated as in (A). Recombinant Claspin proteins purified from 293T cells (left) or insect cells (right). D Phosphorylation of And-1 at T826 enhances the association of Claspin with ssDNA. And-1 or And-1(T826) recombinant proteins were purified from 293T cells treated with or without HU, and were first incubated with ssDNA and then with recombinant FLAG-Claspin proteins as described in (C). E And-1 co-localizes with ssDNA. HCT116 cells were labeled with BrdU 10 lM for 48 h, covered with a 5-lm polycarbonate isopore membrane filter, and subjected to 100 J/m 2 UV irradiation. Harvested cells were immunostained for And-1 and BrdU without DNA denaturation. The co-localization of And-1 with BrdU was observed in 97% of BrdU foci-positive cells. Data are from three independent experiments. Scale bar, 5 lm. F Endogenous And-1 is associated with replication forks. Asynchronous 293T cells were harvested for iPOND assay (see Materials and Methods for detail). G And-1 is a bona fide replication fork protein. U2OS cell line constitutionally expressing FLAG-And-1 was labeled with EdU, or chased with regular growth medium for 2 h after EdU labeling to be used as chromatin pull-down control. H And-1 is accumulated on stalled replication forks. 293T cells transfected with wild-type or T826A mutant FLAG-And-1 plasmids were treated with 10 mM HU for 2 h before harvested for iPOND assay. The intensity of Western blots was quantified with ImageJ software and indicated below the blots. The average relative intensity of bands is from three independent experiments.
Source data are available online for this figure. The EMBO Journal And-1 regulates Chk1 activation Jing Hao et al recovers after the removal of HU, then it should contain both IdUand CldU-labeled tracks. To quantify replication fork recovery, the amount of stalled forks (IdU signal only) was normalized against the total number of replication forks (IdU plus CldU signal). In the absence of HU treatment, we did not detect any difference in the number of stalled or collapsed replication forks between control siRNA-and siAnd-1-treated cells. Consistent with a previous report (Petermann et al, 2010) , HU treatment slightly increased the percentage of forks that failed to incorporate CldU after HU block in the control siRNA-treated cells. However, depletion of And-1 increased the fraction of forks that failed to recover from HU treatment by 2-to 3-fold (Fig 7C) , indicating that And-1 helps to maintain the stability of the stalled replication forks and prevent them from collapsing during replication stress.
Discussion
Although the replisome components, Claspin and Timeless-Tipin, have been shown to facilitate Chk1 phosphorylation by the ATR Jing Hao et al And-1 regulates Chk1 activation The EMBO Journal signaling pathway, the mechanisms by which these proteins coordinate with ATR to activate Chk1 remain speculative. Here, we show that an additional replisome component, And-1, is critical for Chk1 activation by linking Claspin-Chk1 to ATR at DNA damage sites. Our data demonstrated that And-1 promotes the association of Claspin with Chk1 at stalled replication forks. Specifically, And-1 phosphorylation at T826 by ATR is essential for establishing a functional link between Claspin and And-1, which is important for efficient Chk1 activation. Our in vitro analyses indicate that And-1 directly binds to ssDNA and promotes the association of Claspin with ssDNA. Based on these observations, we propose that ATRmediated And-1 phosphorylation at stalled replication forks leads to its accumulation at damage sites, where And-1 promotes the interaction of Claspin with Chk1 and the recruitment of Claspin-Chk1 to the stalled forks for Chk1 activation by ATR (Fig 7D) . The EMBO Journal And-1 regulates Chk1 activation Jing Hao et al with And-1 siRNA for 48 h and did not detect degradation of Chk1 protein within this period of time (Fig 3) . Although we did observe DNA damage 3 days after And-1 depletion, we did not observe DNA damage in cells harvested 48 h after siRNA transfection (Supplementary Fig S3D) . Given that DNA damage itself can induce Chk1 protein degradation (Zhang et al, 2005 (Zhang et al, , 2009 Leung-Pineda et al, 2009) , it is possible that the degradation of Chk1 that was observed by Yoshizawa-Sugata et al resulted from DNA damage due to an extended period of And-1 depletion.
Claspin by itself displays little affinity for ssDNA (Sar et al, 2004; Kemp et al, 2010; Uno & Masai, 2011) , and the stable association of Claspin with ssDNA is facilitated by an interaction between Tipin and RPA (Kemp et al, 2010) . Our studies revealed that And-1 is another factor that regulates the association of Claspin with ssDNA. This conclusion is strongly supported by the fact that And-1 forms complexes with both Claspin and Timeless-Tipin. Since And-1 phosphorylation at T826 is not required for its ability to interact with Timeless-Tipin but is essential for its interaction with Claspin in response to replication stress (Fig 5F) , it is more likely that ATRmediated And-1 phosphorylation at T826 specifically regulates the interplay between And-1 and Claspin, which is critical for Chk1 activation. However, we cannot rule out the possibility that And-1 phosphorylation may affect other proteins that contribute to the association of Claspin with ssDNA in response to replication stress.
Claspin is a Chk1-interacting protein that brings Chk1 to stalled replication forks for its phosphorylation by ATR via protein-protein interactions (Chini & Chen, 2003; Liu et al, 2006; Lindsey-Boltz et al, 2009) . In support of this view, we and others have found that the interaction between Claspin and Chk1 is increased in response to replication fork stalling (Fig 4B) (Chini & Chen, 2003) . However, in the absence of And-1, the interaction between Chk1 and Claspin is significantly reduced in cells under replication stress, indicating that And-1 is a critical factor that mediates the interaction between Chk1 and Claspin at stalled replication forks (Fig 4B) . Because the interaction between And-1 and Claspin is increased in a manner dependent on its phosphorylation at T826 by ATR in response to replication stress (Fig 4A) , phosphorylated And-1 likely functions as a linker to facilitate the recruitment of Chk1 to the stalled replication forks via Claspin. This provides a direct route for Chk1 activation by ATR at DNA damage sites.
And-1 contains a HMG DNA-binding domain, and And-1 alone binds ssDNA preferentially over dsDNA (Fig 6) . These observations further support a role of And-1 in the regulation of DNA replication checkpoint because ssDNA is generated during replication checkpoint activation in response to stalled forks (Lopes et al, 2001; Sogo et al, 2002) . It should be noted that in contrast to our results, a recent study by Bermudez et al (2010) reported that And-1 associates weakly with ssDNA. This difference may be due to difference in the lengths or sequences of the oligonucleotides that were used. It is possible that the longer nucleotide we used in this study is a more appropriate binding substrate of And-1. Previous studies have demonstrated that Timeless-Tipin can promote the association of Claspin with ssDNA in vitro (Kemp et al, 2010) . Because And-1 also interacts with Timeless-Tipin, it will be interesting to investigate whether there is a functional link between And-1 and TimelessTipin that regulates the association of Claspin with ssDNA.
Our data indicate that And-1 phosphorylation at T826 is critical for its localization at damage sites and interaction with Claspin as well as efficient Chk1 activation. These data suggest that And-1 phosphorylation by ATR is an important event for Chk1 activation in cells undergoing replication stress. So far, we do not know how And-1 T826 phosphorylation regulates its ability to interact with Claspin. A possible explanation is that ATR-mediated And-1 phosphorylation may change the conformation of And-1 and spatially orient the SepB and HMG domains to allow them to interact with Claspin and promote the formation of Claspin-Chk1 complexes at stalled replication forks. Future structural studies will yield molecular insights into the mechanism by which And-1 phosphorylation by ATR regulates And-1-Claspin interaction.
Materials and Methods
Cells culture and cell line construction HCT116, U2OS, and 293T cells were grown in DMEM medium supplemented with 10% FBS at 37°C in 5% CO 2 . To make stable cell lines, And-1 full-length and truncated mutants were digested from pEFF-N vector at BamHI and NotI sites and subcloned into pMSCVpuro FLAG retroviral vector. And-1 fulllength and And-1(T826A) cDNA sequence were amplified by PCR with primers containing the BamHI and SalI sites and then digested with BamHI and SalI. The digested And-1 WT and And-1 T826A cDNA sequences were ligated into pBABEpuro retroviral vector at BamHI and SalI sites. Retroviruses were produced by transfecting Phoenix A cells with the retroviral plasmids. HCT116, U2OS, and 293T cells were used as parent cell lines. HCT116 FLAG-And-1, HCT116 FLAG-And-1 (T826A) siAnd-1-resistant, HCT116 FLAG-And-1-truncated (1-330, 336-984, 984-1129, and 336-1129) , U2OS FLAG-And-1, 293T And-1 siAnd-1-resistant, and 293T And-1 (T826A) siAnd-1-resistant cell lines were generated by retroviral infection, and single-cell clones were isolated by antibiotic selection.
Co-immunoprecipitation
Co-IP was performed as we described previously (Zhu et al, 2007; Li et al, 2012a) .
Plasmids and antibodies
The following antibodies were used: Chk1 (sc-7898, sc-8408), RPA70 (sc-28304), ATR (sc-1887), MCM7 (sc-9966), GCN5 (sc-20698), H2B (sc-10808), and pol-a (sc-5921) were from Santa Cruz Biotechnology. P-Chk1-317 (2344S), p-Chk1-345 (2341S), rabbit c-H2AX (9718), Claspin (2800), and p(S/T) ATR/ATM substrate antibody (2909S) were from Cell Signaling. Mouse c-H2AX (05-636) was from Millipore. BrdU antibody (555627) was from BD Pharmigen. Anti-FLAG (F7425) and GAPDH (G9545) were from Sigma. RPA32 (ab2175) was from Abcam. Timeless and Tipin antibodies were gifts from Dr. Eishi Noguchi. And-1 antibody was raised as previously described (Li et al, 2011) . pcDNA3.1 FLAG-Claspin plasmid was a gift from Dr. Michele Pagano (Addgene plasmid #12659). pEFF-N FLAG-Claspin was constructed by inserting the Claspin cDNA into pEFF-N FLAG vector using restriction sites BamHI and XhoI. FLAG-And-1 (full), FLAG-And-1 mutants (1-336), (330-1129) Jing Hao et al And-1 regulates Chk1 activation The EMBO Journal and (984-1129) plasmids were constructed as previously described (Zhu et al, 2007) . A fragment of And-1 encoding amino acids 336-984 was cloned into pEFF-N FLAG vector for the expression of FLAG-And-1 (336-984). Single amino acid mutant And-1 plasmids were generated using QuikChange II XL Site-Directed Mutagenesis kit (Agilent Technologies, Cat no. 200521). And-1 and And-1 T826A sequences were digested from pEFF-FLAG-And-1 plasmids and subcloned into the pcDNA3 vector at the BamHI and NotI site. GST-And-1 plasmids were generated as described previously (Zhu et al, 2007) .
Mass spectrometry and silver staining 293T cells were transfected with pEFF-FLAG-And-1 plasmid, and the cells were harvested and immunoprecipitated as described in the Co-IP procedure. Silver staining was carried out with the SilverQuest TM silver staining kit (Invitrogen). Mass spectrometry was performed as described earlier (Li et al, 2012b) .
Plasmid transfection and siRNA interference
Both control vector and protein expression plasmids were transfected into cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's manual. siRNA oligonucleotides were made to the following target sequences (sense): And-1-1 (AAGCAGGCA UCUGCAGCAUCCdTdT), And-1-2 (AGGAAAACAUGCCUGCCACdTdT), And-1-3 (GGUGUAGGUAACAGGACAUdTdT), ATR (CCUCCGUCAU GUUGCUUGAdTdT), and Claspin (GGAAAGAAAGGCAGCCAGA dTdT). Control GL2 was as described earlier (Zhu et al 2004) . siRNA transfection was performed twice with siRNA oligonucleotide duplexes using Lipofectamine TM RNAiMAX (Invitrogen) according to the manufacturer's instructions. Cells were harvested for analyses 48 h after the first transfection.
Protein purification
Recombinant And-1 proteins were expressed and purified in the Sf9 cell line as previously reported (Zhu et al, 2007) . Recombinant Claspin proteins were purified as previously reported (Kemp et al, 2010) . To purify recombinant proteins from human cells, FLAG-Claspin, FLAGAnd-1 WT, and FLAG-And-1 T826A proteins were expressed in 293T cells for 48 h. Cells were treated with or without 1 mM HU for 15 h before harvest. Cell extracts were treated as in IP. After extensive wash, bound proteins were eluted from the beads by detergent-free IP lysis buffer containing 200 lg/ml FLAG peptide (Sigma F3290).
Immobilized DNA pull-down assays DNA pull-down assays were performed as described previously (Sar et al, 2004; Unsal-Kacmaz & Sancar, 2004; Kemp et al, 2010; Sercin & Kemp, 2011) . The sequence of the 80-mer ssDNA oligomer was previously reported (Unsal-Kacmaz & Sancar, 2004) . Both the biotinylated ssDNA oligomer and its non-labeled complement oligomer were synthesized by Invitrogen. The streptavidincoupled magnetic beads were from New England Biolabs (S1420S). For each sample, 20 ll beads and 20 pmol of biotin-labeled oligomer were used. For ssDNA-binding assays, ssDNA was immobilized on streptavidin-coupled magnetic beads in binding buffer [0.5 M NaCl, 20 mM Tris-HCl (pH 7.5), and 1 mM EDTA]. For dsDNA-binding assays, 20 pmol of biotinylated ssDNA was annealed with either buffer or 80 pmol complement oligomer before being immobilized on beads. After extensive washing, recombinant And-1 or BSA was incubated with DNA-conjugated beads in PBS for 30 min at room temperature. After washing off the residual primary binding proteins with PBS containing 0.01% NP-40, recombinant Claspin proteins were incubated with And-1-or BSA-treated beads for 2 h at 4°C. The beads were then collected after extensive washing, and bound proteins were eluted by SDS loading buffer. The protein samples were separated by SDS-PAGE and analyzed by immunoblotting.
Immunofluorescence
Cells attached to coverslips were pre-extracted with 0.2% Triton X-100 in PBS buffer for 5 min on ice. Cells were fixed with PBS containing 4% paraformaldehyde for 10 min at room temperature and rinsed three times with PBS containing 0.02% Tween-20. Cells were blocked and incubated with primary antibody for 1 h at room temperature. Afterward, the cells were washed three times with PBS containing 0.02% Tween-20 and incubated in secondary antibody [anti-rabbit Alexa Fluor-594 and anti-mouse Alexa Fluor-488 1:1,000 (R37114, Life Technologies)] for 40 min. After washing, cells were mounted in Fluoromount G (SouthernBiotech, 0100-20) containing DAPI. Slides were imaged using Nikon Eclipse 80i microscope or Carl Zeiss LSM 510 confocal system. When UV was applied, the cells on coverslips were covered with 5.0 lm isopore membrane (Millipore, TMTP02500) before being subjected to 100 J/m 2 UV irradiation (UVP, CL-1000).
iPOND Replication forks were pulled down following the iPOND protocol (Kliszczak et al, 2011; Sirbu et al, 2011 Sirbu et al, , 2012 . Briefly, 293T cells were labeled with 10 lM EdU (Life Technologies, A10044) for 30 min followed by 10 mM HU for 2 h to induce stalled replication forks as indicated. Cross-linking was performed with 0.2% formaldehyde (Sigma, F8775) in PBS at 4°C for 10 min and quenched with glycine. Cells were collected and permeabelized with 0.2% Triton X-100 in PBS on ice for 10 min. Click reaction was performed at RT for 2 h in PBS solution containing 10 lM biotin azide (Life technologies, B10184), 10 mM sodium ascorbate, and 2 mM CuSO 4 (Fisher, C489). DMSO was used to replace biotin azide in the control. Cells were washed and lysed in lysis buffer [150 mM NaCl, 1.0% IGEPAL â CA-630, 0.5% sodium deoxycholate, 0.5% (wt/vol) SDS in 50 mM Tris (pH 8.0)] containing protease and phosphatase inhibitors. Cells were sonicated until the solution was clear and centrifuged to remove any residues. Equal amounts of protein were used in replication fork pull downs with Streptavidin agarose (Novagen, 69203-3) at 4°C overnight. The beads were then collected after extensive washing, and bound proteins were eluted by SDS loading buffer. The protein samples were separated by SDS-PAGE and analyzed by immunoblotting.
DNA combing
DNA combing was performed following the protocol published previously (Li et al, 2012b) . Briefly, 36 h after siRNA transfection, The EMBO Journal And-1 regulates Chk1 activation Jing Hao et al cells were pulsed with 100 lM iodo-deoxyuridine (IdU) for 20 min. The cells were washed twice with warm PBS and supplied with fresh medium containing 2 mM HU for 2 h. HU was released by washing cells twice with warm PBS, and the cells were pulsed with 200 lM chloro-deoxyuridine (CldU) for 20 min in fresh medium. CldU was washed off with PBS, and cells were trypsinized and collected. The cells were embedded into agarose plugs and treated with proteinase K to extract DNA. The plugs were then melted and treated with b-agarase, and the resulted DNA solution was used for DNA combing. DNA fibers were stretched on silanized coverslips (Microsurfaces Inc), and immunostaining was performed to detect IdU and CldU signals.
